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Characteristics of wind-generated rings in the eastern tropical 
Pacific Ocean 
Frank E. Mfiller-Karger and C•sar Fuentes-Yaco 
Department of Marine Science, University of South Florida, St. Petersburg 
Abstract. Eddies are generated in the eastern tropical Pacific (3øS-23øN, 75ø-105øW) by 
winds blowing through Central American mountain passes from the Atlantic. We used 
Coastal Zone Color Scanner (CZCS) and advanced very high resolution radiometer 
(AVHRR) satellite imagery complemented with monthly in situ sea surface temperature 
and wind series from the Comprehensive Ocean-Atmosphere Data Set (COADS) to study 
these eddies and their effect on pigment concentrations in the region. Pigment values in 
the Gulf of Tehuantepec generally reach higher values in November-March before those 
in the Gulf of Papagayo. The eddies generated in the Gulf of Tehuantepec are associated 
with passages of cold fronts across the Gulf of Mexico from the north, while the eddies off 
Papagayo and Panamfi are associated with increases in trade wind intensity. CZCS images 
showed larger numbers of eddies per season than have been previously reported on the 
basis of in situ and AVHRR observations or numerical simulations. We counted 13 eddies 
in 1979-1980, 8 in 1984-1985, and 6 in 1985-1986. The eddies transfer both energy and 
biological constituents from the continental margin to the offshore tropical Pacific. The 
eddies frequently moved distances in excess of 1500 km from their point of origin. Both 
anticyclonic and cyclonic eddies are generated, but in general, there are more 
anticyclones. Anticyclonic eddies generally moved to the southwest. Some cyclonic eddies 
moved to the south and southeast along the Central American coast and appeared to be 
trapped by the cyclonic Costa Rica thermal dome. Eddies traveled at speeds varying 
between 9 and 21 cm s -• and had diameters of 100-500 km. Phytoplankton 
concentrations a sociated with the eddies varied from -2 to >10 mg m -3 within -70 km 
of the coast o -1 mg m -3 up to 600 km of the coast. Between late April and October, 
fewer eddies were observed, and phytoplankton concentrations were lower (<0.25 mg m -3) 
and more uniform over the region. 
Abajo se escapa el mar 
en la misma luz que se entrega, 
y aunque se escapa, no sale 
de las manos de la tierra. 
Underneath the sea escapes 
in the same light it gives, 
and even though it escapes, it does not leave 
the hands of the land. 
Alfonso Reyes, Poet 
(Mexico, 1889-1959) 
1. Introduction 
The eastern tropical Pacific Ocean, between 75 ø and 160øW 
and within the Tropic of Cancer, features numerous cyclonic 
and anticyclonic eddies [Stumpf, 1975; Stumpf and Legeckis, 
1977; Hoffman et al., 1981; McCreary et al., 1989; Barton et al., 
1993; Fiedler et al., 1991]. These eddies are generated as sea- 
sonal winds in the Gulf of M•xico, and the trade winds from 
the Caribbean are funneled through narrow mountain passes 
in the Central American mountain range (Figure 1), producing 
strong wind jets that blow over the coastal waters of the Pacific 
Ocean [Matsuura and Yamagata, 1982; Clarke, 1988; Alvafez et 
al., 1989; McCreary et al., 1989; Hansen and Maul, 1991; Fiedler 
et al., 1991; Lavin et al., 1992; Trasvi•a et al., 1995; Chelton et 
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al., 1999a, b]. Three mountain passes lead to very distinct eddy 
generation regions in the Pacific off Central America, namely, 
the Gulf of Tehuantepec, the Gulf of Papagayo, and the Gulf 
of Panamfi. Eddies generated in these regions are referred to 
as Tehuano, Papagayo, and Panamefio, respectively. The east- 
ern tropical Pacific Ocean also features a large cyclonic struc- 
ture called the Costa Rica thermal dome (CRTD), which has a 
diameter ranging between 100 and 900 km and is typically 
located near 8-11øN, 87-90øW [Cromwell, 1958]. 
The eddies are characterized by low temperatures relative to 
surrounding waters and also by high concentrations of phyto- 
plankton, which cause marked changes in the color of the 
water. The high concentration in pigments results at first from 
coastal upwelling associated with the wind jets, and the blooms 
are advected offshore in large filaments created by the wind 
jets. The blooms are later promoted or maintained by up- 
welling within the eddy structure. Because of the temperature 
and color signals of the eddies, satellite imagery serves as an 
effective tool to visualize and quantify eddy motions in this 
area [cf. Stumpf, 1975; Clarke, 1988; Legeckis, 1988; Umatani 
and Yamagata, 1991; Lluch-Cota et al., 1997]. In this study we 
provide new insight on the dynamic phytoplankton pigment 
distribution patterns associated with the eddies of this region 
and present new information in an effort to understand the 
mechanisms whereby carbon and other materials are trans- 
ported from the margins to the interior of the eastern tropical 
Pacific Ocean. 
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Figure 1. Major topographic features of Mesoamerica and adjacent areas based on the ETOP05 database 
(National Geophysical Data Center (NGDC)). Lowlands (solid), midlands (light shading), and highlands 
(dark shading) of the study area are shown. Arrows indicate the name, location, and direction of the wind jets. 
Wind intensity plots shown in Figure 3 were derived from the row of 2 ø x 2 ø boxes shown centered on liøN. 
We show that the spatial scales of the eddies are similar to 
those of eddies produced by the Gulf Stream and Kuroshio 
currents (---250 km) and that they are typically generated over 
3-10 days [see Barton et al., 1993]. We also describe anticy- 
clonic eddies that propagate over long distances (100-1,000 
km) and that last for periods of up to several months. It was 
more difficult to discern coherent cyclonic eddies because 
these dissipate within one to several weeks [see McCreary et al., 
1989]. The frequency of eddy generation is highest when the 
wind jets are strongest, which is usually in boreal winter and 
spring every year, but the Tehuano eddies are generated inde- 
pendently from those in the more southerly passes of Papagayo 
and Panamfi. 
We show that much larger numbers of eddies form in the 
eastern tropical Pacific than has been previously reported on 
the basis of in situ observations or than is predicted by numer- 
ical models that do not include realistic, high-frequency wind 
forcing. This study contributes to documenting better the sta- 
tistics and characteristics of anticyclonic versus cyclonic eddies 
in this region. Finally, we suggest hat the wind-induced eddies 
in the eastern tropical Pacific Ocean transport mass, energy, 
nutrients, plants, and animals from the ocean margin to the 
ocean interior over distances exceeding 1000 km. 
2. Methods 
We examined the shape and speed of rings with multiyear 
time series of satellite images. Specifically, we use imagery 
derived from NASA's Coastal Zone Color Scanner (CZCS) 
and from NOAA's advanced very high resolution radiometers 
(AVHRRs). The area of study was limited to 75ø-105øW and 
3øS-23øN, even though some eddies were observed moving 
farther west in the CZCS data. We complemented these data 
with monthly SST and wind series from the Comprehensive 
Ocean-Atmosphere Data Set (COADS, 1946-1987). 
We named eddies in the image series with a numerical prefix 
identifying the year of occurrence. We constructed eddy names 
by choosing the first letter in alphabetical order and adding a 
suffix identifying the sequential eddy number. Finally, a letter 
identifies the region of origin of the eddy (i.e., T, Y, or P, 
depending on whether the eddy was Tehuano, Papagayo, or 
Panamefio, respectively), and a sign denotes the direction of 
rotation (i.e., plus sign for cyclonic and minus sign for anticy- 
clonic). 
2.1. Ocean Color Imagery 
The CZCS [Hovis et al., 1980] was an experimental sensor 
operated between October 1978 and June 1986 by NASA on 
the Nimbus 7 satellite. Only images that covered at least some 
portion of the eastern tropical Pacific and that contained 
cloud-free areas >---200 x 200 km 2 were selected. Figure 2 
summarizes the temporal coverage achieved over the lifespan 
of the CZCS over the area of interest. Data were screened with 
a quick-look facility developed at NASA's Goddard Space 
Flight Center (Greenbelt, Maryland; software by G. Feldman 
and N. Kuring). 
There are no major rivers discharging water into our area of 
study, and therefore the patterns observed in CZCS imagery 
represent variations in color due to phytoplankton growth 
stimulated by nutrients supplied via upwelling and vertical 
mixing. Concentrations were derived from ratios of the blue 
(443 nm) or blue-green (520 nm) water-leaving radiance to the 
green radiance (550 nm), according to Gordon et al. [1983a; see 
also Gordon et al., 1983b, 1988]. At low concentrations (0.04- 
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Figure 2. Temporal coverage (number of images per month) achieved with the Coastal Zone Color Scanner 
(CZCS) over the eastern tropical Pacific Ocean for the 1978-1986 period. Images were counted if they 
contained an area larger than 200 x 200 km 2 within our study region. 
0.5 mg m -3) the CZCS pigment product represents he aver- 
age pigment concentration within a layer of -1-10 m depth. 
Images were examined at a spatial resolution of -4 km or one 
sixteenth of the original CZCS resolution [see Feldman et al., 
1989]. Clouds were masked using a simple threshold test on the 
750 nm band (channel 5). The threshold was selected as the 
value where the CZCS visible channels, particularly the 670 nm 
band (channel 4), began to saturate, a point at which atmo- 
spheric correction is no longer possible. These pixels, as well as 
areas potentially contaminated by sunglint, were covered with 
a mask. All images were mapped to congruent cylindrical equi- 
distant projections. 
Because of the irregular coverage provided by the CZCS, we 
used daily and weekly composites to resolve coherent spatial 
patterns. Available images were used to derive weekly arith- 
metic average pigment concentrations. Valid pixels were de- 
fined as those having pigment concentrations between 0.04 and 
7.0 mg m-3; that is, we excluded missing data, clouds, and 
extremely high pigment values. The resulting composite im- 
ages had the same spatial resolution as the input images. Lo- 
cations affected by clouds or missing data in successive images 
resulted in smaller temporal bins, thus annual and interannual 
variations in the number of images may reflect changes in 
cloud cover and the number of eddies observed. 
2.2. Sea Surface Temperature Imagery 
We examined sea surface temperature (SST) fields using the 
National Oceanic and Atmospheric Administration (NOAA) 
multichannel sea surface temperature (MCSST) operational 
products derived from AVHRR data (MCSST techniques are 
described by McClain et al. [1983], Strong and McClain [1984], 
and Walton [1988]). The algorithms used are those of McClain 
et al. [1985]. This product was provided by NOAA (global 
retrieval tapes), gridded at the University of Miami [see Olson 
et al., 1988], and is now routinely distributed by NASA's Jet 
Propulsion Laboratory, Physical Oceanography Distributed 
Active Archive Center (JPL-PODAAC; MCSST product). The 
data are sorted by time and grouped into weekly bins. Subse- 
quently, data points are geographically binned into pixels of a 
2048 x 1024 matrix covering the globe (cylindrical equidistant 
projection), with a resolution of-18 x 18 km 2 at the equator. 
A Laplacian interpolation was used to fill gaps, with the con- 
dition that one valid retrieval exist within nine pixels of the 
pixel being evaluated. For this work we extracted a window 
covering our region of interest from each of 235 weekly aver- 
aged global maps (October 1981 to December 1989). 
2.3. Eddy Tracking 
We used software developed with the IDL TM (Research Sys- 
tems, Inc.) environment to visualize the daily and weekly 
CZCS and AVHRR images, to identify eddies, and to observe 
the spatial and temporal evolution of each eddy. The visual 
analyses of these sequences allowed us to determine eddy 
rotation direction. Eddy translation speeds were estimated by 
determining the displacement distance of an eddy center over 
a specific period using the daily and weekly CZCS and 
AVHRR scenes. When available, the daily CZCS data were 
examined to assess better the position of an eddy and improve 
speed estimates derived from the weekly images. Given that we 
used weekly means and data with spatially degraded resolution 
(particularly for the AVHRR), we estimate that our error in 
the estimate of the position of the center could be as high as 
20% relative to the diameter of the eddy (assuming, for exam- 
ple, a mean translation speed of 20 km d-l). 
Because of the seasonality in cloud cover in this tropical 
region, it was difficult to find a sequence of images under clear 
skies between May and October except during 1979 (Figure 2). 
One Tehuano and three Papagayos eddies were observed be- 
tween August 9 and 30, 1979. There were few images available 
for summers 1980-1986, but enough images were available to 
infer some of the characteristics of the eddies present. In 
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general, there were fewer clear scenes between Panama and 
the equator than to the north. 
2.4. Ancillary Data 
We examined multiyear series (1946-1987) of monthly 
mean SST and surface wind speed gridded at 2 ø x 2 ø from the 
COADS. To aid our analysis, we accentuated variability in 
surface winds at various locations in the region by using the 
square of the wind speed. We also screened the NOAA Na- 
tional Oceanographic Data Center (NODC) database for tem- 
perature profiles from expendable bathythermograph (XBT) 
and hydrographic casts for the period 1966-1990. Where con- 
current satellite and cast data were available, surface temper- 
ature values were compared. We used the NGDC ETOP05 
topographic database, with a spatial resolution of --•5 x 5 min, 
to examine the morphology of the passes in the Mesoamerican 
Range. These data provided information on the angle between 
wind jets and the coast. 
3. Results 
3.1. Ring Formation 
The three passes in the Mesoamerican (Central America) 
Range focus the force of winds from the Atlantic Ocean onto 
narrow stretches of the coast of the Pacific Ocean. This forcing 
varies seasonally with changes in intensity of (1) the trade 
winds in the Caribbean and of (2) winds associated with cold 
fronts that originate over the North American continent and 
that move south and east crossing the Gulf of M6xico [Barton 
et al., 1993; Lluch-Cota et al., 1997]. In the Gulf of M6xico, high 
pressure behind each cold front creates a large sea level pres- 
sure difference across the Isthmus of Tehuantepec, which gen- 
erates northerly winds through Chivela Pass and an intense 
wind jet over the Gulf of Tehuantepec. Chelton et al. [1999a] 
use a NASA scatterometer to show how cold fronts in the Gulf 
of M6xico can continue southeastward to create relatively high 
surface pressure a day or two later in the southwestern Carib- 
bean Sea. The pressure difference between the Caribbean and 
the Pacific coastlines occasionally drives a wind jet that blows 
across the Nicaraguan lake district. This results in strong east- 
erly surface winds that can extend far into the eastern tropical 
Pacific west of the Gulf of Papagayo. High surface pressure 
over the southwestern Caribbean Sea also generates northerly 
surface winds across the Isthmus of Panama and over the Gulf 
of Panama in the eastern tropical Pacific. 
Chelton et al. [1999b] show that the Papagayo and Panamefio 
jets are, however, most strongly influenced by tropical atmo- 
spheric circulation features that have little or no influence on 
the Tehuano jet. They conclude that the Papagayo and Pana- 
mefio wind jets are primarily associated with variations in the 
trade winds and that except for the occasional cold front that 
propagates south, they are generally decoupled from low-level 
atmospheric variability at midlatitudes. These findings confirm 
the observations of Legeckis [1988], who suggested that there is 
no synchrony in the frequency of generation of eddies in these 
three regions on the basis of features seen in AVHRR imag- 
ery. Lluch-Cota et al. [1997], using CZCS images, arrived at the 
same conclusion. Lluch-Cota et al. [1997, Figure 2] show that 
pigment values in the Gulf of Tehuantepec generally reach 
higher values in November-March, before those in the Gulf of 
Papagayo (February-April). 
As a general rule, all three jets intensify when the Intertrop- 
ical Convergence Zone (ITCZ) is at its southernmost position 
and when the trade winds are strongest in the Northern Hemi- 
sphere (December-February). We examined the position of 
the ITCZ with the COADS data in the 78ø-90øW meridional 
band. The data show that the exact position of the ITCZ over 
our area of interest is not predictable with certainty. However, 
the annual migration is evident, showing a 10-14 month peri- 
odicity. Its northernmost position (9ø-12øN) is reached be- 
tween June and August, and its southernmost (2ø-3øN) is 
reached between January and March. The COADS wind fields 
near Papagayo (Figures 1 and 3) and the satellite-derived a- 
tabase show that the frequency of eddy generation is highest 
when the wind jets are strongest. The wind immediately to the 
west of the Papagayo pass (Figure 3c) is higher than at adja- 
cent COADS grid points. Figure 4 shows monthly averages of 
wind speed immediately to the west of all three mountain 
passes. The Tehuano jet seems to increase in intensity during 
the boreal winter before the Papagayo and Panamefio jets. As 
mentioned above, this phasing affects the period of eddy gen- 
eration. Clearly, we were not able to resolve high-frequency 
variability in the wind. Chelton et al. [1999a] however, show the 
advantages of using a satellite scatterometer to observe spatial 
and temporal variability in the wind forcing over this region. 
The strong seasonal winds from the north (commonly re- 
ferred to as Nortes throughout he region) lead to wind jets 
over the Gulf of Tehuantepec with speeds >20 m s- • sustained 
over several days. These strong, focused winds extend 300-600 
km over the Pacific Ocean, generating filamentous ocean jets 
and high waves along their trajectory. Upon the onset of the 
strong wind jets it appears that an anticyclonic eddy is always 
formed first, curling to the right of the wind jet [Lavin et al., 
1992; Trasviha et al., 1995]. Cyclonic eddies seem to form when 
a shorter burst of strong winds is followed by a more quiescent 
period of low-intensity winds, as offshore waters seem to act 
more effectively as a barrier to an extending oceanic filament 
in this case [Alvafez et al., 1989; McCreary et al., 1989; Trasviha, 
1991]. Current meanders are observed before circulation pat- 
terns close onto themselves to form an eddy. These observa- 
tions are consistent with the first detailed in situ observations 
of the response of the Gulf of Tehuantepec to the intense, but 
intermittent, winter offshore wind [Barton et al., 1993]. 
3.2. Eddy Trains 
The CZCS data were useful in identifying the date of eddy 
genesis, in characterizing their morphology, and in tracing the 
evolution and dissipation of eddy trains over very long dis- 
tances (--•2000 km). The high pigment concentrations in the 
eddies initially result from coastal upwelling associated with 
the wind jets. These blooms are advected and subsequently 
maintained or stimulated by upwelling within the eddy struc- 
ture. Thus the features seen are not only the result of upward 
or downward Ekman pumping within the core of an eddy. 
Indeed, it seems that the advected blooms from the coastal 
upwelling region dominate the patterns observed in the CZCS 
data, both in cyclonic and anticyclonic eddies. The AVHRR 
images are much less useful than the CZCS images to follow 
the eddies as these move offshore because surface warming of 
waters rapidly renders the eddies invisible in the IR imagery. 
The combined CZCS and AVHRR satellite data show much 
larger numbers of eddies in the eastern tropical Pacific Ocean 
than have been previously reported on the basis of in situ 
observations, AVHRR data alone, or predictions by present 
numerical models. Using both sets of images, we identified 13 
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Figure 3. Surface wind intensity for the period 1968-1987 from Comprehensive Ocean-Atmosphere Data 
Set (COADS) at five locations between 10 ø and 12øN near the Papagayo wind jet: (a) lløN, 81øW, Caribbean 
Sea; (b) lløN, 83øW, Caribbean Sea; (c) lløN, 85øW, Papagayo region (Pacific Ocean); (d) 11øN, 87øW, 
western Papagayo region (Pacific Ocean); and (e) lløN, 89øW, northern side of the thermal dome region 
(Pacific Ocean). Intensities were computed as the square of the wind speed in order to accentuate events. 
eddies in 1979-1980, 8 in 1984-1985, and 6 in 1985-1986. 
Tables 1, 2, and 3 present the characteristics of these eddies. 
Plate i shows CZCS images recorded in February and 
March 1980 (weeks 6-12). These demonstrate the large num- 
ber of unique structures in the region that can occur at any one 
time. In February 1980, five eddies were characterized on im- 
ages 80W06 to 80W09: 80LINDA9T+, 80LOCO3P-, 
80FRANK7T-, 80POLLERA4P-, and 79FEDE2Y-. Four 
more eddies were described on March 1980 (80W10-80W12): 
80MARTA8Y+, 80MANUEL8T-, 80MARIA10T+, and 
80JORGE3Y-. Their location is given in Table 1. 
The trajectory of buoy NOAA/2212 [see Hansen and Maul, 
1991, Figure la] agrees with the satellite pigment patterns of 
Plate 1. The buoy was dragged to the NW by the Costa Rica 
Coastal Current and entrained, along with buoy NOAA/2218, 
into 79FEDE2Y- (ring e in Plate 1). After completing two 
revolutions the buoys drifted to the west. Estimates of trans- 
lation velocities by Hansen and Maul [1991] coincide with ours, 
which are in part based on the propagation of 79FEDE2Y- 
(Table 1). 
The CZCS composites for March and April 1985 (Table 2) 
show four eddies (Plate 2): 84FEDE3Y-, 84ELADIO2Y-, 
85JOSE5Y-, and 85FLORA6T+. The imagery sequence sug- 
gests that the Papagayo eddy 84FEDE3Y- (ring a) moved to 
the NW and then dissipaied. A similar pattern was described 
by Hansen and Maul [1991, Figure lb]. The track of buoy 
NOAA/2084 described two lobes near 12øN, 105øW. Table 3 
shows the characteristics of eddies identified in 1985-1986. 
Plate 3, corresponding to January 1986, shows three Te- 
huano eddies, two anticyclonic ones named 85ANDRES3T- and 
85ALE1T- and one cyclonic eddy named 85CRISTY2T+, 
and the Papagayo anticyclone 85FRANK3Y-. Traces of other- 
swirls are also visible in the images, which suggests active 
dissipation of eddies (as in Plate 2). 
The eddies are most frequent between November and April 
of every year. Outside this period, we only detected eddies in 
August 1979 (Plate 4). We noted a minor upwelling event off 
Papagayo every June-July. This is known in the region as the 
Veranillo de San Juan ("San Juan's Little Summer") and is the 
result of a high atmospheric pressure feature moving into the 
region. It is accompanied by a brief hiatus in the rainy season 
and a secondary annual wind speed maximum [Ramœrez, 1983]. 
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Figure 4. Tehuano (solid), Pagapayo (dotted), and Panamefio (dashes) wind jet speeds for the period 
1978-1987. Data were derived from COADS. 
3.3. Anticyclonic and Cyclonic Eddies 
The anticyclonic eddies (identified with a negative sign in 
Tables 1, 2, and 3) are particularly evident in the warm waters 
west of 90øW. These are the most conspicuous eddies gener- 
ated in all three upwelling systems. The Tehuano and Pana- 
mefio jets turn anticyclonically to the west in a manner that is 
consistent with jets that are inertially balanced at the coast and 
become progressively more geostrophically balanced with in- 
creasing distance from the coast [Chelton et al., 1999b]. By 
tracking features along the periphery of some eddies we in- 
ferred that a revolution may be completed within --• 18-39 days 
and that the diameter ranges between --•150 and 267 km. Av- 
erage translation speeds are between 14 and 16 cm s -q, and 
eddies generally exit our area of study traveling to the west 
(Table 4). 
Plates 1, 2, and 3 show 17 anticyclonic eddies. From Febru- 
ary to March 1980 (Plate 1), there were four Tehuanos, three 
Papagayos, and two Panamefios anticyclonic eddies. Between 
March and April 1985 (Plate 2), one Tehuano and three Pa- 
pagayos were identified. In January 1986 (Plate 3), three Te- 
huanos and one Papagayo were seen. In total these anticy- 
clonic rings account for --•60% of the identified eddies. 
Cyclonic eddies (identified with a positive sign in Tables 1, 2, 
and 3) survive a few weeks at most. They pump water from the 
deeper parts of their central structure toward the surface and 
have lower temperatures and higher pigment concentrations at 
Table 1. Characteristics of 13 Eddies Identified in 1979 and 1980 
Final Center 
Position 
Latitude, Longitude, Diameter, 
Eddy Name Dates øN øW Shape km 
Pigment 
Velocity Concentration 
(Center/ 
Speed, Border), 
Direction cm s-] mg m -3 
Identifi- 
cation in 
Figure 5 
79ALE1T- Sep. 25 to Oct. 9 14.0 96.0 Circle 189-216-225 236 14 0.31/2.50 
79CRISTY2T+ Oct. 31 to Nov. 5 15.0 95.0 Circle 118-176 250 13 0.50/4.50 
79ELADIO3T- Nov. 11 to Jan. 31 12.0 104.0 Circle 150-184-344 257 14 0.30 
79EVA4T+ Dec. 8 to Jan. 11 14.0 95.0 E(NW) 95-111-115 0.20/0.50 
79FEDE2Y- Dec. 15 to Feb. 26 9.0 93.0 Circle 339-383 266 11 0.10/0.30 
80LINDA9T+ Jan. 30 to Feb. 7 13.8 95.0 E(NW) 200-500 0.50/3.5 
'80POLLERA4P- Jan. 31 to Feb. 16 6.0 79.0 E(NE) 311-195/339 247-208 5.0/0.35 
80LOCO3P- Feb. 6 to Feb. 7 3.5 83.0 E(NE) 376 209 15 3.0/0.35 
80FRANK7T- Feb. 7 to Feb. 15 13.0 97.0 Circle 247-328 242 18 0.18/0.50 
80JORGE3Y- Feb. 6 to March 23 11.5 91.5 Circle 100-374 241-202 14-19 0.07/5.0 
80MARTA8Y+ March 5 to April 7 10.0 88.0 E(NW) 280 0.35/5.0 
80MANUEL8T- March 6 to March 26 15.0 96.5 E(NW) 250 258 16 0.25/0.05 
80MARIA10T+ March 8 to March 31 15.0 94.5 E(NE) 150 0.10/0.50 
Eddies are identified as Tehuanos (T; 8 eddies), Papagayos (Y; 3 eddies), and Panamefios (P; 2 eddies). Eddy Name is NNAAAANXS, where 
NN is year, AAAA is eddy name, with first letter chosen in alphabetical order, N is sequential number identifying eddy in a family or sequence 
of rings, X is T for Tehuano eddies, Y for Papagayo, and P for Panamefio, and S is sign, plus sign for cyclonic and minus sign for anticyclonic. 
Dates indicate the period when the eddy was detectable. Under shape, E is ellipse (long axis orientation). Diameter is varying during eddy life. 
Velocity is the speed and direction of eddy. Pigment concentration isthe range between the center and the border. 
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Plate 1. A series of weekly composites of CZC$-dcri¾½d pigment concentration i  the eastern tropical 
Pacific. The sequence starts with week 6 in mid-February 1980 (80W06) and ends in late March with week 12 
(80W12). The •ollowin• eddies c•n be identified: a, 80LINDA9T+; b, 80LOCOSP-; c, 80FRANKTT-; d, 
80POLLERA4P-; e, 79FEDE2Y-; f, 80MARTA8Y+; g, 80MANUEL8T-; h, 80MARIA10T+; and i, 
80JORGE3Y-. Characteristics forthese eddies are presented in Table 1. Concentrations (mg m -3) were 
color coded, with blue representing low pigment concentrations and yellow and red indicating higher con- 
centrations. Land was masked gray, the coastline was masked white, and clouds and missing data are black. 
their centers than waters surrounding the eddies. Cyclones 
typically propagate to the left of the wind jet and have diam- 
eters ranging from 95 to 500 km (Tables 1-4). Plate 1 shows 
two Tehuanos and one Papagayo cyclones, while Plate 2 illus- 
trates only one cyclonic Tehuano. We did not observe cyclonic 
eddies generated by the Panamfi jet in the CZCS data. It is 
possible that we missed such eddies because of the extensive 
cloud cover affecting this region. 
The longer series of AVHRR data showed a cyclonic 
nucleus of cold (21ø-22øC) water between March 7 and 
April 21, 1985, off Panamfi [see Quir6s and Miiller-Karger, 
1997, Figure 6]. This feature moved over 1180 km from the 
Gulf of Panamfi to the Galfipagos (0.66øS, 87.00øW). Its 
speed was ---30 cm s -• with a direction of ---220 ø. Once it 
reached the equatorial region, it followed a 270 ø trajectory 
toward the Galfipagos. 
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Plate 1. (continued) 
Table 2. Characteristics of Eight Eddies Identified in 1984-1985' Five Tehuanos and Three Papagayos 
Final Center 
Position Velocity 
Latitude, Longitude, Diameter, Speed, 
Eddy Name Dates øN øW km Direction cm s-• 
Pigment 
Concentration 
(Center/ 
Border), 
--3 
mg m 
Identifi- 
cation in 
Figure 6 
84ALEIT- Oct. 28 to Nov. 18 15.5 95.5 125-195-234 
84ELADIO2Y- Nov. 14 to March 8 10.0 97.0 258-230-227 
84FEDE3Y- Dec. 29 to March 30 9.0 91.5 198-185-267-400 
85JORGE5T- Dec. 11 to Jan. 21 13.0 101 228-374 
85FRANK2T- Jan. 14 to Jan. 21 15.0 95.0 225 
85LINDA3T+ Jan. 14 to Jan. 21 15.0 93.0 100-400 
85JOSE5Y- Feb. 22 to April 19 11.0 91.0 295 
85FLORA6T+ March 30 to April 3 13.2 95.1 290 
237 9 
247 10 
258 9 
293 21 
0.24/0.44 
0.20/O.40 
O.4O/4.72 
0.35/O.20 
0.35/5.50 
0.35/1.0 
0.65/6.13 
0.08/0.27 
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Plate 2. Series of weekly CZCS images showing the evolution of several eddies between March and April 
1985 (weeks 9, 10, 12, and 13 or 85W09, 85W10, 85W12, and 85W13, respectively): a, 84FEDE3Y-; b, 
84ELADIO2Y-; c, 85JOSE5Y-; and d, 85FLORA6T+. 
Table 3. Characteristics of Six Eddies Identified in 1985-1986: Four Tehuanos, One Papagayo, and One Panamefio 
Final Center 
Position 
Latitude, Longitude, Diameter, 
Eddy Name Dates øN øW Shape km 
Pigment SST 
Velocity Concentration difference 
(Center/ Identifi- (Center/ 
Speed, Border), cation in Border), 
Direction cm s -• mg m -3 Figure 7 øC 
85CRISTY2T+ Dec. 4 to Jan. 14 14.0 93.0 247 
85ALE1T- Dec. 27 to Jan. 14 15.0 96.0 281 
85ANDRES3T- Dec. 27 to Feb. 5 13.9 98.6 Circle 319-127 
85FRANK3Y- Dec. 27 to Feb. 14 11.0 90.3 Circle 204-384-354 
86FUGAZ1P- Feb. 5 3.0 86.3 135 
86JOSE4T- Feb. 5 to March 5 14.7 95.6 E(N) 230/186 
0.08/1.5 c 22.5/25.1 
272 16 0.50/0.10 b 28.1/27.9 
267 19 0.30/3.0 a 22.1/27.3 
262 21 0.20/5.0 d 29.9/29.5 
O.25/O.5O 
0.20/3.0 28.1/28.3 
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Table 4. Characteristics of the Eastern Tropical Pacific Rings 
Eddy Family and Type 
Velocity 
Position, Deepest 
Diameter, Speed, (Latitude), Layer, 
km Direction cm s- • øN m 
Swirl Gyre 
Speed, Period, 
cm s- • days 
Tehuano anticyclonic 240 258 16 14 
Tehuano cyclonic 220 254 14 14 -- 
Papagayo anticyclonic 285 251 14 10 100 a 
Papagayo cyclonic 150 15 700 b 
Panamefio anticyclonic 267 218 15 4 -- 
Panamefio cyclonic • • 
70 18 
25 39 
Averages of parameters from Tables 1, 2, and 3. 
aFrom McCreary et al. [1989]. 
bFrom Wyrtki [1964]. 
4. Discussion 
4.1. Eddy Characteristics 
An eddy's translation speed, shape, sense of rotation, and 
other dynamic properties are defined in great measure by the 
environmental conditions under which it is generated. When 
an eddy spins up, a baroclinic structure is developed, and 
geostrophic motion ensues. Its shape may be due to friction. 
For example, the distorted shape that seems typical of Te- 
huano cyclonic eddies (for example Plate 1, eddy labeled a in 
80W06) may be due to two factors: (1) advection by the Costa 
Rica Coastal Current and (2) interaction with the continental 
shelf [Barton et al., 1993; Trasviha, 1991]. If the continental 
shelf is about as wide as the eddy, the bottom can affect the 
speed differently in different parts of the eddy. Such is prob- 
ably the case for eddies located off E1 Salvador, where the 
slope is 0.5 x 10 -3 m km -• within the first 40 km of the coast, 
and it increases to 100 x 10-3 m km- • at 100 km from the 
coast. These spatial scales span the width of the incipient 
eddies, and therefore the movement over the shelf break likely 
influences their shape. 
The satellite data suggest hat the phase speed of both cy- 
clonic and anticyclonic eddies, and the number of eddies, are 
larger than what is predicted by models [see, e.g., McCreary et 
al., 1989; Umatani and Yamagata, 1991]. It is possible that this 
is due to the frequent use of monthly mean wind speed to drive 
models, a practice that typically underestimates and smooths 
wind stress variability. Stronger winds would lead to a deeper 
jet and therefore deeper eddies. Forcing with realistic winds 
with high-frequency variability would probably also lead to 
more eddies being generated during a modeled season, as 
indicated by the scatterometry wind studies of Chelton et al. 
[1999a, b]. 
Cyclonic eddies of the Gulf Stream [The Ring Group, 1981] 
differ from the ones observed in our region as follows: (1) 
mesoamerican eddies have translation speeds of 16-18 km 
d -•, while Gulf Stream cold core rings have average transla- 
tion velocities of 4-9 km d-•; (2) mesoamerican eddies last 
1-3 months, while Gulf Stream rings last 7-18 months; and (3) 
the angular velocity of mesoamerican cyclones i --•20 cm s -•, 
while that of Gulf Stream rings is --•150 cm s -•. Both the 
mesoamerican and Gulf Stream cyclones are --•700-900 m 
deep [Wyrtki, 1964] and have diameters of 150-500 km. Also, 
the change in planetary vorticity associated with the meridional 
excursion of the eddies is similar in both regions: Gulf Stream 
eddies traverse latitudes ranging from 37 ø to 30øN, while Te- 
huano eddies move between 15 ø and 12øN, and Papagayos 
eddies move between 11 ø and 10øN. The total change in plan- 
etary vorticity is ---20-10% in each case. 
Panamefio eddies typically travel to the SW, faster than 
Tehuano and Papagayo rings, and maintain an ellipsoidal 
form. Plate 1 (rings b in 80W06 and d in 80W07) shows these 
eddies with trajectories more toward the south than the tra- 
jectory of the Tehuano and Papagayo eddies. Panamefio ed- 
dies reach low latitudes in a rapid traverse and are then en- 
trapped in the equatorial waveguide. 
4.2. Costa Rica Thermal Dome 
The Costa Rica thermal dome forms by action of the curl of 
the wind stress [Hoffman et al., 1981]. It is intensified by ad- 
vection from the south via the Equatorial Countercurrent 
(ECC), from the east via the Costa Rica Coastal Current 
(CRCC), and from the north in part by the North Equatorial 
Current (NEC) [Cromwell, 1958; Umatani and Yamagata, 
1991]. The CRTD is visible in the AVHRR imagery as a zone 
where SSTs are consistently lower by as much as 2-5øC than 
adjacent waters. Its diameter is --•120 km in October and 
reaches over 960 km in January. Horizontal temperature gra- 
dients between the center of the CRTD and adjacent waters 
are of the order of 5 x 10-3øC km -• during its seasonal 
intensification and dissipation phases. During maturity, gradi- 
ents as high as 30 x 10-3øC km -• were observed. A compar- 
ison between the COADS winds and the AVHRR data con- 
firms that the intensity of the CRTD is modulated by the 
meridional migration of the ITCZ, with strongest SST gradi- 
ents during boreal winter. This supports Legeckis' [1988] ob- 
servations and Umatani and Yamagata's [1991] model. 
Starting approximately in January, Papagayo anticyclonic 
eddies erode the CRTD and may contribute to its disappear- 
ance as the ITCZ begins its northward migration (April). At 
other times, however, the CRTD may be reinforced by cyclonic 
eddies. Because of such interactions, the thermal gradient be- 
tween the center and edges of the CRTD may intensify by a 
factor of 3. This intensification process enlarges the area cov- 
ered by the CRTD such that for example, in 1984 it covered 
some 300,000 km 2. 
Figure 5 represents SST variations in the region of the Pa- 
pagayo jet and the CRTD as per COADS. Coastal waters near 
the Papagayo jet do not show a clear annual cycle as opposed 
to adjacent waters where the CRTD forms. At the location of 
the CRTD the series shows two minimum temperatures per 
winter for 1980 and 1982-1986. During boreal fall the intensi- 
fication of the NECC [Hansen and Maul, 1991] helps the dom- 
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Figure 5. SST variation in (a) the Papagayo wind jet area and (b) the Costa Rica Thermal Dome for the 
period January 1978 to December 1987 from the COADS. The horizontal lines in Figure 5a correspond to 
gaps in the series substituted by the 20 year mean for this period. 
ing phenomenon, which carries waters from several hundred 
meters depth toward the surface and stimulates high biological 
production in a manner similar to that seen in the thermal 
dome of the Gulf of Guinea [Voituriez, 1981]. 
4.3. Impact on the Regional Ecosystem 
The inhabitants of coastal regions of the Isthmus of Tehu- 
antepec are familiar with the strong Nortes that arrive in win- 
ter. Similarly, people living in Nicaragua's lake district near the 
Gulf of Papagayo and in the Panamfi Canal zone are familiar 
with the seasonal increase in winds as the trade winds intensify. 
The effects of these strong winds on fisheries are well known to 
local fishermen, and international pelagic fishing fleets heavily 
exploit this rich area. Indeed, the eastern tropical Pacific con- 
tains some of the most productive waters of the world's oceans 
[Fiedler et al., 1991]. In particular, the Gulf of Tehuantepec has 
great economic importance to Mfixico [Ritter and Guzmgn, 
1984; Robles-Jarero and Lara-Lara, 1993], while the Costa Rica 
dome area is vital for the international tuna fishery [Cromwell, 
1958; Wyrtki, 1965; Hoffman et al., 1981]. 
Trasviga [1991] and Layin et al. [1992] proposed that waters 
in the upper layer (150-200 m) of the Gulf of Tehuantepec an 
be classified into three hydrographic regimes: (1) the western 
region, characterized by the presence of eddies with colder and 
saltier water than in the eastern and central Gulf, (2) the 
central region, which is directly affected by the northern winds 
and where upwelling brings cold and salty water to the surface, 
and (3) the eastern region, with thermohaline characteristics lose 
to those of the offshore, warm eastern tropical Pacific Ocean. 
Robles-Jarero and Lara-Lara [1993] studied the effect of the 
winter Nortes on phytoplankton biomass and productivity in 
the Gulf of Tehuantepec. They noted that biomass and pro- 
ductivity were similar in the eastern and central regions but 
that the western region was statistically different. They found 
that chlorophyll a maxima (0.37-11.2 mg m -3) in the photic 
layer of this western region were higher relative to the central 
(0.48-2.06 mg m -3) or the eastern (1.0-2.37 mg m -3) regions. 
In general, their ship-based pigment concentration patterns 
agree with the pigment values and eddy features seen in the 
CZCS images. The high phytoplankton biomass promoted by 
the wind-driven upwelling and eddies formed during the strong 
Norres season is responsible for the high fish stocks in the 
region. Using a model of fish production for the Gulf of Te- 
huantepec, Ritter and Guzmc•n [1984] showed that the winter 
Nortes explain 86% of the variability in fish concentration out 
of 11 environmental variables. Fiedler et al. [1991] also ob- 
served high phytoplankton biomass and productivity in the 
euphotic zone in surface waters around the Costa Rica dome, 
further confirming the patterns observed in the CZCS data. 
5. Conclusions 
The three passes in the Mesoamerican Range focus the 
seasonal north and trade winds onto the coastal waters of the 
eastern tropical Pacific, leading to the periodic formation of 
oceanic jets off the Gulf of Tehuantepec, the Gulf of Papa- 
gayo, and the Panamfi coast. The frequency of eddy generation 
is highest when the wind jets are strongest, usually between 
November and April of every year. However, the Tehuano 
eddies are formed in response to strong winter winds in the 
Gulf of Mfixico and, particularly, the occurrence of Nortes 
associated with cold fronts, which propagate southward from 
the U.S. continental land mass. The Papagayo and Panamfi 
eddies respond more directly to the seasonal intensification of 
the trade winds. The eddies dominate the dynamics of surface 
waters in the eastern tropical Pacific in boreal winter and spring. 
The CZCS data were useful in identifying the date of eddy 
genesis, in characterizing their morphology, and in tracing the 
evolution and dissipation of eddy trains. Eddies were visible in 
the CZCS images because of their higher phytoplankton con- 
centration. This high pigment concentration results at first 
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from coastal upwelling associated with the wind jets. These 
features are advected offshore in meandering filaments, and 
phytoplankton growth is later maintained or promoted by up- 
welling within the eddy structure. The satellite images suggest 
that the eddies transfer both energy and biological constituents 
to the offshore tropical Pacific, which would otherwise remain 
oligotrophic. Our results show that much larger numbers of 
eddies form in the eastern tropical Pacific Ocean than have 
been previously reported on the basis of the in situ observa- 
tions or predictions by numerical models that do not include 
realistic, high-frequency wind forcing. This study improved the 
statistics and characteristics of anticyclonic versus cyclonic eddies. 
Our analyses lead to a series of questions: (1) What is the 
fate of Tehuano eddies as they approach the Papagayo up- 
welling region?, (2) Does this process of translation lead to 
new cyclones off Papagayo?, (3) What is the interaction be- 
tween such cyclones and anticyclones?, (4) What is the typical 
depth, transport, and life of such eddies?, (5) What is the 
contribution of eddies to the CRCC, the NEC, and the 
NECC?, and (6) What is the fate of Panamefio eddies? The 
new information generated by the Japanese Ocean Color and 
Temperature Scanner (OCTS) (November 1996 to June 1997) 
and the U.S. Sea-viewing Wide Field-of-view Sensor (Sea- 
WiFS) launched in August 1997 will help answer some of these 
questions. 
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